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Abstract
India is one of theworld’s largest food producers,making the sustainability of its agricultural systemof
global signiﬁcance. Groundwater irrigation underpins India’s agriculture, currently boosting crop
production by enough to feed 170million people. Groundwater overexploitation has led to drastic
declines in groundwater levels, threatening to push this vital resource out of reach formillions of
small-scale farmers who are the backbone of India’s food security. Historically, losing access to
groundwater has decreased agricultural production and increased poverty.We take amulti-
disciplinary approach to assess climate change challenges facing India’s agricultural system, and to
assess the effectiveness of large-scale water infrastructure projects designed tomeet these challenges.
Weﬁnd that even in areas that experience climate change induced precipitation increases, expansion
of irrigated agriculture will require increasing amounts of unsustainable groundwater. The large
proposed national river linking project has limited capacity to alleviate groundwater stress. Thus,
without intervention, poverty and food insecurity in rural India is likely toworsen.
1. Introduction
Agriculture is a signiﬁcant part of India’s social and
political economy. While most of India’s agricultural
production processes are small scale in nature, in total
they account for 20% of India’s GDP and are India’s
largest employers. Moreover, the agriculture sector is
the primary food supplier for India’s 1.2 billion
people. India is also one of the world’s largest
agricultural producers, and exports close to $39 billion
in raw agricultural products and over 4.4 million tons
of milled rice annually [1, 2]. Much of Indian
agriculture is heavily dependent on irrigation. Begin-
ning in the 1960s, with the onset of the Green
Revolution, India saw a signiﬁcant increase in ground-
water irrigation [3]. This increase was primarily driven
by the emergence of atomistic or personal irrigation
systems and the use of subsidized power to pump
groundwater from individual tube wells [3]. Through
this process, approximately 90 million rural
households have come to directly depend on ground-
water irrigation [4]. Between 1970 and 2004, while
crop area remained fairly stable, irrigated area saw a
rapid increase with groundwater extractions account-
ing for 70%–80% of the value of agricultural produc-
tion (5, ﬁgure S1). This underscores the important role
that groundwater irrigation has played in supporting
upward trends in yields and productivity.
Increased use of groundwater irrigation has led to
widespread over-abstraction of groundwater resour-
ces [6], which is unsustainable in the long term. Since
1980, groundwater levels have dropped from 8 meters
below ground level (mbgl) to 16 mbgl in northwestern
India and from 1 to 8 mbgl in the rest of the country
[6–8]. Northwestern India lost 109 km3 of ground-
water between 2002 and 2008 [6], which is an order of
magnitude larger than the groundwater depletion
experienced by California’s Central Valley during the
same period [9] and twice the volume of India’s largest
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demonstrated that groundwater declines can lead to
increases in poverty and threaten food production—
especially for rural households [10, 11]. This directly
affects small-scale farmers, who typically own<2 ha of
farmland, control the majority of the landholdings in
India and produce 41% of India’s food grains [12].
These farmers use groundwater to irrigate half their
land and are likely to be the hardest hit by continued
declines in groundwater, thus adding to their already
high vulnerability. Consequently, the sustainable use
of groundwater into the future remains a serious con-
cern for India, especially given the substantial number
of rural households dependent on it for their suste-
nance. Previous studies in the ﬁelds of hydrology
[13, 14] and economics [15] have individually assessed
the future of groundwater-based agriculture in India;
however, each of these ﬁelds misses key elements. Pre-
vious hydrology work has not accounted for the
dynamic behavioral response of farmers to changing
climate, while econometric studies have failed to
account for biophysical constraints on water supplies.
Researchers and policymakers need amodeling system
that can account for both human irrigation decisions
and the physical water supply in order to understand
how climate changes may affect unsustainable
groundwater (UGW) use—deﬁned as any ground-
water abstraction in excess of recharge—groundwater
levels and agricultural production.
Figure 1 outlines the major components of both
the human and physical water systems, and the
dynamics within and between the two systems that
have the potential to impact groundwater use and crop
yields in India. In this study, we restrict our focus on
how climate change will drive human irrigation deci-
sions, and in turn how both those human decisions
and the physical changes in climate will alter both crop
water requirements and available water resources.
This approach requires integrating an econometric
model with a process-based hydrology model
(ﬁgure 1), and allows us to quantify not only how cli-
mate change will alter each system individually, but
how it will affect the entire coupled system. Such a
multidisciplinary approach is required for study of the
widely varying spatial differences in water resources
and crop production across a country that is both
experiencing a signiﬁcant water crisis and is home to a
third of the world’s extreme poor, who primarily rely
on agriculture for their livelihoods [16]. The combina-
tion of bothmodels is critical for India in order to bet-
ter plan for the future, as well as assess the role that
adaptation responses and policy measures play going
forward. One such policy initiative proposed by the
Government of India is to move 178 billion m3 yr−1 of
water across river basin boundaries [17]. This national
river linking project (NRLP) has been proposed as a
solution to groundwater stress by increasing irrigated
agriculture through surface irrigation and artiﬁcial
groundwater recharge. Better understanding of future
irrigation water demand and availability, with
emphasis on UGW dependence, is critical to assess
such policies and formulate effective strategies to
adapt to climate change.
2.Methods
We make use of detailed crop-wise agriculture and
weather data spanning 36 years from 1970 to 2005 for
all the districts in the main agricultural states of India,
and a panel data regression to estimate the relationship
between inter-annual variation in monsoon climate
variables and district-level irrigation decisions. This
relationship is used to generate projections of irrigated
area in response to climate change. The hydrology
model then simulates irrigation water demand and
supply from surface and renewable- and non-renew-
able groundwater based on these projections and
future climate inputs. A detailed account of the
methods and data is available in the supporting
information. Our coupled-model approach allows us
to assess India’s future dependence on UGW and its
impacts on groundwater-based agricultural produc-
tion.We also quantify the effect of the proposedNRLP
inmitigating groundwater stress.
2.1. Econometricmodel: human system
We project irrigated area for six major crops in India
—the staple cereal crops rice and wheat (the focus of
the Green Revolution); coarse cereals maize, sorghum
and barley; and a high-value crop cotton. Barley and
wheat are dry season crops, while maize, sorghum and
cotton are wet season crops. Rice is grown in both
seasons.Historical agricultural datawas acquired from
ICRISAT (http://vdsa.icrisat.ac.in/) and historical
data of temperature and precipitation were acquired
from APHRODITE (http://chikyu.ac.jp/precip/)
(see S1 and S2 for further details).
The empirical model of irrigation decisions
assumes that the planting decision has already been
made. Therefore, irrigation decisions reﬂect the sec-
ond stage in a farmer’s decision making process, and
each crop regression only accounts for the sample of
districts that grow a particular crop over our study
period, 1970–2005. We estimate the following
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where Yd t, is the irrigated area of a particular crop in
district d in year t; -Yd t, 1 is a lag of the dependent
variable, which captures spillover effects from invest-
ments in irrigation infrastructure affecting all subse-
quent irrigation decisions; Pd t, which follows from
previous research [15, 18], is a vector of precipitation
measures that represents June–September monsoon
rainfall and the number of days with precipitation
>0.1 mm; - -Ad t t, 1, 6 is the previous 5 year average
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crop area, which captures the expectation to plant in
the current period and growing degree day (GDD)
captures GDDs by season calculated by using daily
mean temperature [19].
In this model, we use short-run random variation
in climate in a given area to compare that area’s out-
comes under differentweather conditions after control-
ling for observed and unobserved characteristics using
regional ﬁxed effects, r ,d and a time ﬁxed effect that fur-
ther neutralizes any common trends. These time ﬁxed
effects are represented by lt and G ;s t, lt accounts for all
common contemporaneous trends, for example,
national price changes, economic growth and popula-
tion growth while state-speciﬁc trends, G ,s t, allow to
control for differential trends by state such as state-wise
technological progress and changes in electricity sub-
sidies. In this way, a district observed during a dry year,
acts as a ‘control’ for that same district observed during
a wetter ‘treatment’ year. This is important because, for
instance, one district might be wetter than another dis-
trict, and alsomuchwealthier. If irrigation decisions are
a function of wealth, then a statistical model that just
compares precipitation to irrigation outcomes between
the two regions, without accounting for income differ-
ences, is likely to be biased. A similar modeling
approach has been used in other studies that estimate
agriculture–weather relationships in India [15, 18, 20–
22], and inother countries [23, 24].
Figure 1.Conceptual framework for coupled human-physical water systemmodeling of India’s groundwater future. Climate change,
population growth, technological advances, andmarkets (including agricultural product prices, trade, andGDP) directly impact
multiple components of both the human and physical water systems. Components within these systems respond individually to
external changes, but also impact each other. Hydro-infrastructure is a key component of both the systems. Arrows between the
systems show important linkages that should be consideredwhen studying the future of groundwater in India. Black arrows and
components in shaded boxes aremodeled endogenously in this paper’s analysis; gray arrows and outlined components are accounted
for either throughmodel inputs or through assumed continued historical trends. This conceptual framework can be used to develop
model systems that endogenize additional or alternative components than those assessedwithin this paper.
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We adopt linear and Tobit regression approaches
when modeling irrigated area. Zero irrigated areas
reﬂect optimal outcomes of a decision and are mod-
eled using a Tobit approach. Standard errors are clus-
tered at the district level in the Tobit models, and
corrected for spatial and serial correlation in the linear
models [25].
2.2. Irrigated area projections
We combine our estimated historical irrigation
response to weather (table 1) with bias-corrected
climate projections from 5 general circulation models
(GCMs) that have contributed to the World Climate
Research program’s Coupled Model Inter-compari-
son Project phase 5 (CMIP5) under the RCP 8.5
scenario [26]. The 5 GCMs used in this study are
CCSM4, GFDL-CM3, GFDL-ESM2G, MIROC-ESM-
CHEM, and NorESM1-M (table S1). We chose these
models because they (i) come closest to characterizing
India’s historical monsoon [27, 28], and (ii) demon-
strate a wide distribution of future climate changes,
including both increases and decreases in monsoon
rainfall and the number of rainy days within the
monsoon season (ﬁgure S3).The bias correction
method and number of models used follows the Inter-
Sectoral Impact Model Inter-comparison Project
approach [29]. Further details are in sections S2
and S3.
2.3.Hydrologymodel: physical system
Projected changes in irrigated area and bias-corrected
CMIP5 climate projections are inputs to the hydrology
model, WBMplus [30, 31]. WBMplus simulates
vertical water exchange between the land surface and
the atmosphere, and horizontal water transport
through runoff and stream networks [30], and com-
putes irrigationwater demand, supply, and use by crop
type [31]. WBMplus is a gridded, process-based,
hydrology model [30, 31], which here uses a 30
arcminute grid resolution with the simulated topolo-
gical river network STN-30p [32, 33]. The climate
inputs—both historical and future—are the same as
used for the econometric analysis and projections (SI
sections S2 and S3). WBMplus simulations were run
for each GCM climate projection separately, including
a 10 year spin-up with each GCM’s historical output
(1996–2005). Historical agricultural data (i.e., irri-
gated area by crop type) is from ICRISAT (SI section
S1), and future agricultural data is from the econo-
metric model projections. The ﬁeld capacity and
wilting point of soils is a required input for calculating
both crop and non-crop potential evapotranspiration.
We use the FAO/UNESCOSoilMap of theWorld [34]
for both, as well as for the soil drainage classes. Soil
drainage class is used to estimate water seepage
through ﬂooded rice paddies. Large reservoirs are
represented as river segments with the reservoir’s
storage capacity; data on large reservoir capacity,
location and primary purpose are from the GRanD
database [35].
2.4. Unmet irrigation demand:modeling the loss of
groundwater access
We quantify current (c.2000) irrigated crop produc-
tion that can be attributed to UGW by simulating
historical crop water requirements as described above,
Table 1.Regression estimates onweather-related variables in agro-economicmodel.
Wet season Dry season
(1) (2) (3) (4) (5) (6) (7)
Rice Maize Sorghum Cotton Rice Wheat Barley
No. of rain days 0.03 −0.327*** −0.054+ −0.199*** −0.003 −0.005 −0.180*
(0.038) (0.087) (0.030) (0.000) (0.032) (0.071) (0.091)
Rainfall JJAS 0.070*** −0.014 −0.039*** 0.045*** 0.166*** 0.250*** −0.026
(0.020) (0.019) (0.011) (0.000) (0.023) (0.034) (0.043)
WetGDD −0.048 −0.099* 0.027 −0.310*** 0.301** 0.089 0.066
(0.040) (0.039) (0.027) (0.000) (0.115) (0.069) (0.110)
DryGDD −0.316 −0.159 0.068
(0.243) (0.099) (0.184)
Model Tobit Tobit Tobit Tobit Tobit OLS OLS
N 8248 7244 5178 3244 3770 7460 3882
0Observations 632 1628 3520 277 586 19 128
Average partial effects for Tobit models and coefﬁcient estimates for ordinary least square (OLS) models represent the effect of
monsoon precipitation (June–September), rainfall distribution (number of rainy days in June–September), and seasonal GDD on
irrigated area decisions, 1970–2005. A Tobit model is used for crops where a large fraction of the observations are clustered at 0.
Standard errors in parentheses are clustered at the district level for the Tobit models and corrected for spatial and serial correlation
for OLS models. The dependent variable is the logarithm of district-level crop irrigated area in 1000 ha. All regressions include
district and year ﬁxed effects, and state-speciﬁc trends to control for time-invariant district characteristics, country-wide trends, and
time-varying differences between states. See S1–S4 for data sources, results for non-weather variables and robustness checks.
Statistical signiﬁcance is given by+p<0.10 * p<0.05 ** p<0.01 ***p<0.001.
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but restricting irrigation water supplies to sustainable
sources. Unmet irrigation water demand was assumed
to lead to contraction of irrigated areas [36]. We apply
the contraction of irrigated area equally to all crops
within a district. This is aﬁrst-order assumption;water
deﬁcits will likely cause uneven distribution of irri-
gated area contractions due to a range of factors. These
factors may include the proﬁtability of the crop type,
the ability of the crop to survive under deﬁcit irrigation
conditions, or the crop water productivity of a crop
type. Results shown here should be considered as
estimates of crop production losses due to UGW
restrictions; further work on this topic will help
increase the accuracy of estimates shown here.
In the dry season, reduction of irrigated areas is
assumed to equal a reduction in crop area, as most dry
season crops cannot be grown without irrigation. In
the wet season, we assumed farmers would grow the
same area of crops, but under rainfed conditions.
Therefore, dry season crop production losses, Ploss,d
(tons), due toUGWrestrictions are:
= +¼+⁎( ⁎ ⁎ ) ( )P I
I




























where Iunmet,d(w) is dry (wet) season unmet irrigation
water demand, Igross,d(w) is the dry (wet) season gross
irrigation water demand AN is the area (ha) of crop N,
and IYN (tons ha
−1) is the irrigated yield of cropN, and
RYN (tons ha
−1) is the rainfed yield of crop N, and
Igross,w (km
3) is the gross irrigation demand in the wet
season. Crop production data is from ICRISAT
(http://vdsa.icrisat.ac.in/).
2.5. National river linking project
To assess the NRLP’s potential to reduce India’s
groundwater stress, WBMplus modeled all published
proposed irrigation water transfers across river basins
[37]. Two scenarios were simulated: one implements
only the inter-basin water transfers through the
proposed canal system; the other additionally adds
reservoirs at each water recipient location. In both
simulations, the daily volume of water moved through
the canals is a function of river discharge at the donor
location and the canal’s capacity. In the second
simulation, reservoir capacity is added to allow water
transferred during the wet season to be stored until it is
needed for irrigation in the dry season. We recognize
that this simulation is highly speculative, as few details
of the proposed increase in water storage have been
published. Further details are in section S5.
2.6.Method limitations
The methods described above allow a human deci-
sion-making process—i.e., expansion or contraction
of crop-speciﬁc irrigated areas—to be fully integrated
into a physical hydrology system analysis. While
inclusion of the human decision-making process is an
important advance, the methods used here have
several key assumptions which lead to several limita-
tions. First, projections of irrigated areas assume that
current trends in variables other than weather con-
tinue into the future: e.g., population growth, GDP
growth, and technological advancement are all
assumed to continue along their current trajectory.
Therefore, this model system cannot account for
signiﬁcant extreme events or shocks to the economic
or technological system. Second, projections of irri-
gated areas can only bemade in districts that had crops
planted in the historical assessment period. This limits
the study by not allowing us to project the expansion
of agriculture (irrigated or rainfed) into new areas.
Third, the hydrologic model simulates crops that are
either fully rainfed, or fully irrigated—deﬁcit irriga-
tion, the practice of providing only a portion of the
amount of irrigation water required for optimal
growth, is not simulated. Crop yields are not perfectly
linear with added water and the relationship between
water additions and crop yields vary between different
crops [15, 18]. Therefore, when modeling the crop
yield loss due to losing access to UGW, our methods
only provide a ﬁrst-order estimate. Fourth, ground-
water levels drop unevenly across the country, and so
loss of access to UGW will occur at different times in
different places. The methods presented here do not
capture this temporal variability, nor do they capture
the potential human response to a gradual loss of
UGW. Lastly, the simulation of the NRLP is based on
imperfect knowledge of the location and storage
capacity of planned reservoirs or other water storage
systems [38]. The simulation results shown here are
meant to optimize water storage and release volumes
and timing, and thereforemay not be representative of
actual reservoir construction or storage volumes.
The methods used here and their limitations
deﬁne the scope of this study: we are able to (a) project
how changes in climate (and continued trends in all
other relevant variables) will lead to human-based
changes in crop-speciﬁc irrigated areas, (b) quantify
how much irrigation water these projected irrigated
areas will require under the same set of climate change
conditions, (c) quantify how much UGW would be
required to fully meet these projected irrigation water
requirements, (d) categorize changes in the rate at
which groundwater levels will drop in response to
these projections, (e) estimate the quantity of food
produced as a direct result of current UGWuse and (f)
estimate a potential range for UGW alleviation under
full implementation of theNRLP.
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3. Results
3.1.Monsoon impact onhistorical irrigated areas
The ﬁrst step in assessing the future of irrigation in
India is to quantify how historical changes in climate
have driven historical patterns of irrigation. This
understanding allows us to project changes in irriga-
tion into the future, based on a suite of potential
climate change scenarios. India has a monsoonal
climate with a wet (Kharif) season that receives up to
1 m of rainfall and a dry (Rabi) season in which
precipitation is insufﬁcient to grow most crops and
irrigation must be used. Consequently, farmers assess
the supply of rain during the monsoon season and the
amount that gets stored at the end of the season, in
order tomake decisions about increasing or decreasing
irrigated areas for different crops [15]. Thus, there is a
signiﬁcant link between monsoon rainfall and irri-
gated areas in India [36, 39]. The future of monsoon
rainfall is extremely uncertain; some climate change
studies show an increase in future precipitation [40],
others predict a decrease [41] (ﬁgure S3). Increases in
inter-annual and intra-seasonal variation are also
expected [27] along with rising temperatures [40]
(ﬁgure S4). Such climatic change will affect irrigation
water demand and supply due to farmer irrigation
decisions, water supply, and physiological crop water
requirements.
The econometric model estimates the effect of
total precipitation, rainfall distribution, and seasonal
GDD on seasonal, crop-wise irrigation decisions for
six major crops in India, which make up 80% of
India’s crop production (table 1), across districts in all
major agricultural states in India from 1970 to 2005.
The logarithmic speciﬁcation of the model enables
interpretation of coefﬁcients as elasticities, so that a
1% increase in the weather variable affects irrigated
area by bˆ%, where bˆ is the coefﬁcient of interest. Pre-
cipitation and GDD have less than proportionate
impacts on irrigation decisions (i.e., b <∣ ∣ 1 ).
Precipitation plays a larger role than GDD in driv-
ing changes in irrigated area (table 1). The number of
rainy days (i.e., the distribution of monsoon season
rainfall) directly affects wet season crop irrigation, as
too many days without rain during critical crop stages
can reduce yields or lead to crop failure [42]. Supple-
mental irrigation in the wet season, largely relying on
stored monsoon rainwater from previous years, can
help overcome this uneven distribution of rainfall, but
may not be able to offset decreases in total precipita-
tion. Negative coefﬁcients on the number of rainy days
for maize (p<0.001), sorghum (p<0.1) and cotton
(p<0.001) reﬂect a rise in irrigated areas formost wet
season crops in response to fewer rainy days, even
when total rainfall is controlled for. In contrast, the
impact of the total amount of rainfall on wet season
irrigated area of rice, sorghum and cotton is varied. Of
the three crops, sorghum is least water intensive and
most drought resistant [43], so a fall in monsoon rain-
fall can be easily compensated by supplemental irriga-
tion to meet its irrigation needs. Rice and cotton are
more water intensive, rice due to the practice of ﬂood-
ing paddy ﬁelds, and cotton due to high crop water
requirements for optimal growth [43]. As a long dura-
tion crop, cotton sometimes extends into the dry sea-
son, increasing its water needs substantially. For these
two crops, coefﬁcients on the total amount of rainfall
are positive and signiﬁcant (p<0.001), implying that
a reduction in total monsoon rainfall also decreases
irrigated area. In the irrigation-intensive dry season,
the capacity to irrigate rests on the amount of mon-
soon rainfall collected in surface and groundwater sto-
rage. Any decrease in precipitation during the previous
monsoon season signiﬁcantly (p<0.001) reduces the
area of rice and wheat that are irrigated. Barley,
another dry season crop, is of short duration, hardier
than wheat, relatively drought resistant [43] and relies
on conserved soil moisture for its water needs [44]. A
more even distribution of monsoon rainfall helps
retain soil moisture and can signiﬁcantly (p<0.05)
decrease barley irrigation.
The impact of GDD on irrigation is limited, with
higher wet season GDD signiﬁcantly contracting irri-
gated area for only maize (p<0.05) and cotton
(p<0.001). Studies suggest that with an increase in
temperature and water stress on plants, farmers tend
to contract agricultural activity to smaller areas during
the season [39]. Higher wet seasonGDD can also affect
irrigation in the ensuing dry season, but in the oppo-
site manner. We ﬁnd that dry rice irrigation sig-
niﬁcantly (p<0.01) increases in response to a rise in
wet seasonGDD.
The crop-speciﬁc understanding of links between
climate and irrigation presented here are necessary to
generate projections of irrigated areas for each crop
individually, since they are key to understanding
future water requirements, as crops have varying levels
of water requirements.
3.2. Projections of future irrigated areas under
climate change
Farmers in India tend to respond to water scarcity
along the extensive margin, changing the extent of
cultivated and irrigated area rather than the rate of
water use per unit area [36]. We combine our elasticity
estimates (table 1)with predicted changes in precipita-
tion and GDD from ﬁve different GCMs to project
crop-speciﬁc irrigated areas (ﬁgure 2). TheGCMsused
model the historical Indian monsoon well [27, 28], yet
they also span the range of positive to negative
projected changes in future monsoon rainfall (ﬁgure
S3). These irrigated area projections implicitly assume
that historical irrigation decisions in response to
changes in precipitation and temperature continue
into the future, and that any future adaptation to a
6
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changing climate is fully embodied in the observed
ability to adapt to past changes.
In developing countries like India, the majority of
farmers face credit constraints, incomplete markets,
lack of information, and low levels of human capital,
which limits their ability to quickly adopt new tech-
nologies or improve upon existing ones [45, 46]. Thus,
the estimates from our panel data models reﬂect the
effects of climate change in the short- tomedium-term
scenarios, where farmers might be unable to adjust or
re-optimize their decisions, or can only do so very
slowly [45]. Recent research suggests that the degree to
which people adapt to longer-run changes in temper-
ature and precipitation reﬂects surprisingly little adap-
tation [47]. Thus, our econometric model evaluates
the effects of climate on changes in irrigated area in the
medium term (up to 2050), while keeping cropping
decisions, growing seasons, and other variables
unchanged and assuming trends in technology and
population stay constant into the future.
Since the application of irrigation to cultivated
cropland is a short-term adaptation response by farm-
ers in the face of inter-annual monsoon variation, irri-
gated area projections are made year to year and we
convert the estimated % changes in irrigated area into
absolute values using the previous year’s irrigated area
as the base. While we acknowledge that the path of
development in India will change in the future, it is
nevertheless instructive to project irrigated areas to
assess the possible magnitude of climate-change rela-
ted UGW needs. We project irrigated area increases in
both seasons, with uncertainty (±15% in the wet
season, ±50% in the dry season by 2050) due to the
range of GCM-projected future climates (ﬁgure 2).
These increases are due to the extent of irrigated wheat
and rice continuing their historical rising trend, while
irrigated extent of other crops remains the same or
decreases (ﬁgure S5).
3.3. Impacts of climate change onUGWabstraction
UGW abstraction is unsustainable in the long term,
and can exhaust groundwater resources if continued
unabated [7]. We use a process-based hydrology
model that separately models both sustainable irriga-
tion—that supplied by groundwater recharge and
surface water rivers and reservoirs—and UGW. By
integrating the agro-economic econometric model
with the hydrology model, we assess the impact of
climate change and the resulting changes in irrigated
areas on futureUGWdemand (ﬁgure 3)
India’s northwest region has already experienced
signiﬁcant groundwater level decreases due to UGW
use [6]. We use our model projections of future UGW
demand to infer how groundwater levels will change
up to 2050. If demand increases, then groundwater
levels will drop more rapidly (ﬁgure 3, dark red); con-
tinued demand will lead to continued rates of ground-
water level decline (ﬁgure 3, red), while reduced but
positive demands will slow the rate of groundwater
level decline (ﬁgure 3, yellow). Some districts will be
able to rely solely on sustainable water supplies, allow-
ing groundwater levels to recover (ﬁgure 3, blue).
Under future climate change, most of Punjab and
Haryana, northern areas of Rajasthan and Gujarat and
Figure 2.Econometricmodel-projected aggregate dry season (red) andwet season (blue) irrigated areas. Historical period
(1970–2005) data is from ICRISAT. Future period (2006–2050) solid line is themulti-modelmean of projections based on 5 GCM
climate futures, with a shaded range of uncertainty due toGCMdifferences.
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parts of Uttar Pradesh and Tamil Nadu will face con-
tinued and further groundwater level declines
(ﬁgure 3). Additionally, the spatial extent of UGW
pumping expands to pockets of Tamil Nadu, Andhra
Pradesh, Uttar Pradesh and Gujarat, regions that pre-
viously did not over-abstract groundwater (ﬁgure 3,
orange).
Free or ﬂatly tariffed electricity provisions have
played a critical role in enabling groundwater extrac-
tion [48] and might further contribute to UGW use if
present day irrigation and cropping practices persist.
However, despite the presence of subsidies, expensive
pump technology is still needed to draw groundwater
once levels drop beyond certain thresholds [49].
Therefore, evidence of continued and increased future
groundwater level declines reﬂect potential con-
straints on access as rising pumping costs can even-
tuallymake extraction prohibitive.
To assess how a loss of access to UGW may affect
Indian agriculture, we quantify the amount of unmet
irrigation water demand that will occur in its absence
by restricting the use of the UGW within the hydrol-
ogy model (ﬁgure S7). Without UGW, unmet irriga-
tion water demand will reach 170 km3 yr−1 by 2050
(ﬁgure S7), paralleling only the unmet demand in
2002, a year in which India was hit by a massive
drought [50].
3.4. Policy implications
Losing access to UGWdirectly translates to reductions
in food production. We ﬁnd that currently, half of dry
season irrigated crop production and a quarter of the
total annual irrigated crop production is directly
sustained byUGW (table 2). Themost affected regions
primarily grow India’s staple crops—wheat and rice—
in the dry season [51]. The fertile Indo-Gangetic Plain
is one of the most intensely farmed and populated
areas in the world, and includes much of Uttar
Pradesh, Punjab and Haryana, which have districts
that produce up to 1.8 million tons of UGW-based
agricultural output each year (ﬁgure 4). The
Figure 3.Trends in district-level groundwater levels (GWL) between 1979–2000 and 2029–2050, inferred from themulti-model
mean of changing need for unsustainable groundwater (UGW) tomeet irrigationwater needs. Decreases inUGWdemandwill slow
downGWLdeclines (yellow); continued demandwill lead to continuedGWLdeclines (red); increased demandwill increaseGWL
declines (dark red); new positive demands can start GWLdeclines (orange); demand going to 0 can allowGWL to recover (blue). Black
lines are state boundaries. Colored (non-gray) regions account for 90%of futuremodeled national UGWdemand. Figure S6 shows
trends inGWL for 5 individual GCMclimate futures.
Table 2.The impact of unsustainable groundwater (UGW) on irrigated agriculture and food supply.
Irrigated agriculture pro-
duction (million tons)
Production loss in absence of
UGW (million tons), (%of total
production)
Calorie loss in





Dry season 75.4 38.7 (51%) 121 300 166
Wet season 73.4 2.8 (4%) 4750 7
Annual total 148.8 41.5 (28%) 126 000 173
a 2000 kcal per day diet.
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southeastern states of Tamil Nadu and Andhra
Pradesh also rely heavily on UGW for crop produc-
tion, with some districts producing up to 0.8 million
tons yr−1 usingUGW (ﬁgure 4).
Therefore, in the event that UGW becomes difﬁ-
cult to access, national food security will be threa-
tened. We ﬁnd that UGW in India is directly
responsible for production of sufﬁcient food calories
to feed 173 million people, accounting for 14% of
India’s population (table 2). In a country where ∼194
million people go hungry every day [52], losing access
to UGW would further aggravate food security con-
cerns that already plague India.
Based on the range of projected future climates,
UGW will either remain at historical levels
(30–40 km3 yr−1), or it will increase to as much as
170 km3 yr−1 (ﬁgure S7). Historically, the irrigation
water deﬁcit that would occur due to restricting UGW
use was 5%–15%. Future irrigation water deﬁcits may
stay at this level, or increase up to 40%. If the future
UGW demand remains the same as the present, then
the food cost of eliminating UGW use will remain at
levels summarized in table 2. However, the extreme
case of increasing irrigation water deﬁcits to 40%
would result in signiﬁcantly larger reductions in food
production. However, it is worth noting that future
advances in agricultural systems may allow for higher
crop yields under water stressed conditions. Addition-
ally, increased irrigation efﬁciencymay allow for more
water to be used beneﬁcially by crops even with
reducedwater extractions.
A recent government initiative has looked to the
massive NRLP to overhaul water management in
India. The $123 billion project intends to move
178 km3 yr−1 of water by connecting 37 rivers, build-
ing ∼3000 storage dams and 12 500 km of water con-
veyance networks [17, 38]. If completed, it will be the
biggest infrastructure project in the world [38]. In
addition to its stated goals of 34 GW of hydropower
generation, increasing drinking water supplies, and
mitigating ﬂoods in the east [38], it is also expected to
alleviate the stress on groundwater. The NRLP is
expected to increase the extent of irrigated agriculture
by 35 million ha through surface irrigation and
improved groundwater recharge [38].
To quantify the NRLP’s impact on UGW demand
and surface water irrigation, we simulate a scenario in
which all proposed river links are functional along
with concurrent construction of large reservoirs at
receiving nodes in the NRLP, and compare the UGW
Figure 4.District-level reduction in current (c. year 2000) annual crop production, inmillionmetric tons, that would occur if
unsustainable groundwater supplies became unavailable. Black lines are state boundaries.
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demand to our baseline model results. We ﬁnd that
with both the additional reservoirs and the inter-basin
transfer network functioning, there is potential to alle-
viate 10%–16% of India’s mid-century UGW demand
(ﬁgure 5(b)). However, without new large reservoirs,
the inter-basin transfers alone reduce only 1%–4% of
overall UGW demand (ﬁgure 5(c)). Historically, con-
struction of large dams has been contentious in India
[53]. While the exact plans for dam construction
under the NRLP have not yet been publicized, it is
clear from these results that without a large increase in
reservoir capacity, the NRLP will not alleviate ground-
water stress in northwest India.
The NRLP is expected to cost $123 billion USD; it
aims to both expand irrigated areas ($64 billion) and
grow the country’s hydropower capacity ($59 billion)
[54], both of which are expected to provide economic
returns on this investment. However, it is worth com-
paring this cost to the value of current groundwater
agricultural production and the cost of past irrigation
projects. Irrigation by groundwater—both sustainable
and unsustainable—currently (circa year 2000) con-
tributes 7.6–8.3 billion USD per year to India’s agri-
cultural output, which is slightly (∼8%–10%) more
than the contribution of surface water irrigation [55].
Since 1990, the government has invested more than $
24 billion USD in surface irrigation but little increases
in net surface irrigated area have been realized [54]
Instead, the share of groundwater-based versus sur-
face water-based agricultural output has been growing
over the past 30 years [55], reﬂecting the increased
reliance of the agricultural sector on groundwater
resources. Protecting this sector from the loss of a large
portion of water resources in the future may reﬂect a
value of more than 7.6–8.3 billion USD per year;
further analysis of the impact of replacing ground-
water irrigation withNRLP-enabled surface water irri-
gation is needed for a full cost-beneﬁt analysis. India’s
past irrigation projects have had a wide range of
investment costs, from 190 USD/ha to 4560 USD/ha
[56]. If theNRLP succeeds in expanding irrigated areas
by 35 million hectares [38], it will cost 1829 USD/ha.
While this cost is within the range of past irrigation
projects, the expected irrigated area expansion does
not account for the need to switch currently ground-
water irrigated areas to surface water irrigated areas.
Failure of previously-planned large irrigation projects
has led to concern over the cost of the NRLP [56],
while analysis of non-failed large-scale irrigation pro-
jects has shown that there is no difference in the aver-
age economic performance between successful large-
scale and medium- to small-scale irrigation projects
and that themanagement of irrigation projects ismore
important than their scale [56].
Alternative methods of reducing UGW demand
may have lower costs and should be compared to the
the NRLP. Examples of such measures include
increasing irrigation efﬁciency, improving the timing
of canal water deliveries to irrigated ﬁelds, and grow-
ing less water-intensive crops during the dry season.
Assessing the cost of each of these alternatives is not
within the scope of this paper; future work on this sub-
ject should compare costs of alternative water saving
methods to theNRLP cost reported here.
4.Discussion
In this paper, we project future UGW use by account-
ing for changes in both demand and supply of water
Figure 5. (A)Mid-century annual unsustainable groundwater (UGW) demand at the district level. The national river linking project
(NRLP) is a proposed solution for alleviating this demand. (B) and (C) Light blue lines: NRLPwater transfer canals; red dots: water
donor locations; blue dots: water recipient locations. Blue dots along chained canals are both receiving and donating. (B)The%of
each district’smid-centuryUGWdemand that could be alleviatedwith the implementation ofNRLP canals and construction of new
reservoirs along canal routes. Blue: UGWdemand is alleviated; yellow and red: UGWdemand isworsened. National total UGW
alleviation is 10–16%. (C)The%of each district’smid-centuryUGWdemand that could be alleviatedwith the implementation of
NRLP canals only. National UGWalleviation is 1%–4%with transfers only. Gray lines are state boundaries. (B) and (C) share a scale
bar.
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and their interaction under different climate change
scenarios. We are able to identify regions where
groundwater demand and supply may change signiﬁ-
cantly (ﬁgures 3 and 4), which has important implica-
tions for policy decisions that affect agricultural
development, poverty, food security and adaptation.
One policy recommendation for managing water
is the NRLP, but our results demonstrate canals alone
have limited ability to decrease unsustainable use of
groundwater nationally (ﬁgure 5(c)). In addition to the
NRLP, several other policy and infrastructure tools
have been studied, and research has indicated they
have potential for reducing groundwater abstraction
in different areas. Interventions researched include
investments in public provision of groundwater to
crowd out private construction of wells [49], decen-
tralized rainwater harvesting schemes [8], creation of
groundwater markets [57], metering electricity [58],
and power supply rationing by separating agricultural
from non-agricultural feeders [59]. Moreover, our
conceptual framework illustrates additional adapta-
tion measures and competing demands from other
sectors that could potentially impact water supplies in
the face of climate change (ﬁgure 1). Further assess-
ment that accounts for these additional components
in conjunction with those studied in this paper can
help to identify potential synergies and conﬂicts, and
remains an important area of future work. In the end,
our coupled model suggests that, regardless of the
mechanism, support for sustainable groundwater
management will become increasingly urgent in the
near future.
5. Conclusion
The results of this study provide the ﬁrst multi-
disciplinary assessment of the extent of UGW use in
India through mid-century, its importance in sustain-
ing food production, and the potential role of large
infrastructure projects in decreasing India’s depend-
ence on UGW. Our results emphasize that under a
business as usual scenario, climate change induced
precipitation increases in certain areas will not neces-
sarily alleviate groundwater stress, due to the expan-
sion of irrigated areas. This analysis also points to the
need for a thorough analysis of farmer decision-
making responses to infrastructure projects such as
the NRLP and other policy measures that affect the
availability of irrigation water supplies, as it is likely
that subsistence-level food security concerns may
drive these decisions. While we quantify here the
potential for the NRLP to alleviate groundwater stress,
it is possible that expansion of irrigated areas in
response to the project (as has been promoted by
NRLP-planners)will negate these potential beneﬁts.
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